Abstract: A focal and transitory inflammation induced by injection of complete Freund's adjuvant (CFA) in the submandibular skin of mice elicits pain behavior that persists for several weeks after the initial inflammation has resolved. Chronic pain, assessed as tactile hypersensitivity to stimulation with von Frey filaments, was evident from 1-7 weeks following CFA injection, although inflammation at the injection site was resolved by 3-4 weeks. In contrast, there were no changes in tactile sensitivity in the paw (un-injected site for comparison), no alterations in open field behavior and no differences in a functional observation battery evident in CFA-treated mice compared to controls (saline-injected) or to baseline (before CFA injection). Neither strain (Balb/c vs. C57BL/6) nor sex differences in baseline tactile threshold were significant in the submandibular skin. CFA-induced tactile hypersensitivity was also not a function of strain or sex. A single intraperitoneal injection of the gap junction blocker carbenoxolone (CBX) restored normal tactile thresholds in CFA-treated mice when administered at the peak of inflammation (1 week), after significant resolution of inflammation (3 weeks) or after total resolution of inflammation (4 and 5 weeks) without altering the tactile threshold of control subjects, tactile threshold in the paw or open field behavior. Thus, in this novel model of post-inflammatory pain, transitory inflammation induced persistent sex-and strain-independent behavioral hypersensitivity that was reversed by the gap junction blocker CBX, suggesting neuronal and/or glial plasticity as a major component of the chronic pain.
INTRODUCTION
Methods of inducing chronic pain in rodents generally fall into one of several categories: nerve damage (axotomy, nerve crush, neuropathies), joint damage and/or inflammation (injection of adjuvants, formalin, etc.) and subcutaneous or intra-muscular injection of inflammatory or pain-causing agents (formalin, substance P, adjuvants, etc.). Although each of these models has advantages, the injection of complete Freund's adjuvant (CFA) into the submandibular skin is a new model with unique characteristics that provides several advantages. First, the submandibular skin is glabrous and can thus be tested with von Frey filaments -a standard method for assessment of tactile sensitivity and mechanical allodynia in both rodents and humans [1] [2] [3] [4] . Second, the trigeminal ganglion innervating the submandibular region is readily identifiable and is easy to access and excise, thus permitting concomitant analysis of underlying molecular mechanisms of changes in nociception [5] . Third, no surgery is required, and fourth, as shown in this study, the animals do not exhibit other signs of stress or pain, but only show hypersensitivity upon focal stimulation. In addition, the inflammation resolves comparatively quickly and results in no discernible tissue damage. These characteristics may foster the dissection of the mechanisms and timing of events initiating and maintaining chronic pain without the complications of longterm inflammation and persistent stimulation that can confound the distinction between factors that engender and maintain chronic pain [6] .
Chronic orofacial pain is common, afflicting about 25% of the adult population [7] . It is likely that mechanisms responsible for chronic orofacial pain have much in common with other types of chronic pain [8] [9] [10] . Initial inflammatory processes are thought to lead to sensitization and hyperexcitability of primary afferent neurons, which in turn send nociceptive signals to the CNS producing hypersensitivity that persists long after the initial insult [11] [12] [13] . Thus, the elucidation of the molecular mechanisms in this model and the development of novel therapeutics would be expected to have potentially broad application to other types of chronic pain.
In recent years it has become clear that changes in gap junction expression and activation and gap junction-mediated coupling may play a role in chronic pain [14] [15] [16] [17] . Thus, we investigated the potential analgesic effects of the gap junction blocker carbenoxolone (CBX). CBX has been used previously to demonstrate that gap junction-mediated coupling plays a role in several pathological states, including pain [18] [19] [20] .
We here examine changes in tactile sensitivity after CFA injection into the submandibular skin in male and female Balb/c or C57BL/6 mice for 7 weeks. We show that this results in transitory and local inflammation and elicits tactile hypersensitivity (pain) persisting long after inflammation has resolved, independent of mouse strain and sex. We also demonstrate that the gap junction blocker CBX reverses tactile hypersensitivity during both acute and chronic pain states.
METHODS

Animal Subjects, Inflammation Model and Drug Administration
The present studies were approved by the Albert Einstein College of Medicine Animal Care and Use Committee and conform to the guidelines of the International Association for the Study of Pain and to the NIH standards for the care and use of laboratory animals. Every effort was made to minimize animal suffering and to reduce the number of animals used in our study. Male and female mice (Balb/c or C57BL/6), 2-4 months old, were used and strain, sex and number of animals are indicated in each of the figure legends or in the results. Inflammation was induced by injecting 20 µl of 1:3 complete Freund's adjuvant (CFA; Sigma, St. Louis, MO, USA) solution in 0.9% saline into the submandibular skin of mice. Controls were injected with 20 l of saline alone. Both, CFA and saline were injected into the midline of the submandibular skin (corresponding to the human chin), which is innervated by bilateral mandibular branches of the trigeminal ganglia.
The gap junction blocker carbenoxolone (CBX; 10, 25, 50 or 100 mg/kg of body weight in 0.9% saline, volume 50-200 l; Sigma, St. Louis, MO, USA) was injected intraperitoneally (i.p.) at a single time, 1, 3, 4 or 5 weeks after CFA administration. Controls were injected i.p. with equal volumes of 0.9% saline. CBX or saline (i.p.) injections were performed 1 h prior to the behavioral testing.
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Assessment of Inflammation
Inflammation in the submandibular skin of mice was assessed before subcutaneous CFA or saline injection (Pre) and at 1-5 weeks after CFA injection. Mice were sacrificed by CO 2 asphyxiation, the submandibular skin was removed and fixed overnight in 4% paraformaldehyde in PBS, pH 7.4 at 4°C. The skin was kept in 70% ethanol until paraffin embedding. Skin inflammation was characterized by hematoxylin-eosin (H&E) staining of 5 µm-thick sections and revealed all types of inflammatory cells. Every 4th section was stained with H&E for morphological analysis, and a total of 6-10 sections from each skin tissue were examined by microscopy to detect the inflamed area. Measurements were performed by investigators blind with respect to test conditions. Data are expressed as the number of total white blood cells in a 1 mm 2 area averaged over 6 sections.
Tactile Sensitivity Testing
Either the submandibular skin or the plantar surface of the hind paw (as a control) was stimulated with von Frey filaments (Stoelting, Wood Dale, IL, USA) to determine tactile sensitivity. As CFA and saline were injected into the middle of the submandibular skin, which is innervated equally by both trigeminal ganglia, contralateral stimulation could not provide a control; instead the hind paw was chosen to evaluate tactile sensitivity in an un-injected area. Ascending force intensities of von Frey filaments were applied to investigate tactile sensitivity [1] . Each filament is designed to produce a given force (in g) precisely upon buckling. Minimum force to evoke a withdrawal response and the tactile threshold were determined by applying each filament 10 times with 5-30 s random intervals to the submandibular skin in all subjects first. Tactile threshold of the paw was determined subsequently, approximately 1 h after testing the submandibular skin. A response to a given stimulus was defined as rapid withdrawal of the head or hind paw when stimuli were applied and the number of responses to each stimulus intensity was determined. Tactile threshold was defined as a withdrawal response in 8 of the 10 trials to a given stimulus intensity. A higher number of responses across stimulus intensities indicates a lower tactile threshold and is interpreted as increased tactile sensitivity.
The mice were placed on a wire grid platform with 0.4 cm square grids through which von Frey filaments were inserted from below, and applied to the surface of the submandibular skin or the hind paws with enough force so that the filaments buckled. Applying the filaments from underneath enabled us to stimulate the submandibular skin without touching the whiskers, and to the plantar surface of the paw. A wire top (wire mesh desktop organizer cup; Staples) was placed over the animal with 3-5 cm clearance above the head and 3-5 cm clearance around the body to restrict the animal's movement sufficiently to permit accurate placement of the filaments (Supplemental Fig. 2 ). This did not restrain the mice or interfere with head or paw withdrawal responses. The animals were allowed to acclimatize to this environment for 20-30 min prior to testing. The filament was applied only when the mouse was stationary, standing on all paws and holding its head straight. Tactile responses were assessed before any injection (Pre) and on 1-7 weeks post injection of either CFA or saline. In all behavioral tests, testers were blind to the condition of the subjects. A withdrawal response could not be reliably elicited or scored in 4 of the approximately 120 total subjects during baseline testing; these mice were therefore removed from the study.
Experimental Design
Influence of Strain and Sex on Tactile Sensitivity
In our initial study, the number of responses across the entire range of stimulus intensities and the mean baseline threshold of each strain (Balb/c or C57BL/6) and sex was established before subcutaneous CFA or saline injection. Data, illustrated as the number of responses across the entire range of stimulus intensities, were analyzed in a repeated measures ANOVA (JMP, SAS Cary, NC). Thresholds were analyzed in a 2-way ANOVA. Subsequently, CFA or saline was injected once into the submandibular skin of the mice and tactile sensitivity was tested weekly or bi-weekly for a total of 7 weeks. Threshold data in these studies were analyzed using a mixed linear model with random (within) and fixed (between) factors. This design was chosen because for numerous reasons not all animals completed the entire 7-week time course and such results with missing data is not most appropriately analyzed in a repeated measures model. The mixed design preserves the number of subjects analyzed at multiple time points.
Reliability
Cohort effects on tactile sensitivity were evaluated in three sets of experiments performed by three different testers. Effects of CFA on tactile threshold one week post injection were compared to baseline levels in repeated measures ANOVA tests.
Alteration of Hypersensitivity by Carbenoxolone
As neither sex nor strain significantly interacted with the levels of CFA-induced tactile hypersensitivity post injection (see supplementary data), the effects of a single injection of CBX (100 mg/kg of body weight, i.p.) were investigated at 1, 3, 4 or 5 weeks after CFA injection in only male C57BL/6 mice. In all the studies, CFA-induced tactile hypersensitivity was compared in mice following injection of CBX or saline at a single time point. The threshold before injection (Pre) and the threshold of saline injected controls did not differ from each other, and were combined and designated as CBX-to contrast with CBX+ (CBX injected) mice. In addition, at the 4-week time point, we included a full 2-way design with a total of 4 treatment groups (+ or -CFA and + or -CBX). In these studies, effects of CFA and CBX were compared in 2-way ANOVAs with post hoc student's t-tests.
Functional Observation Battery and Open Field Analysis
Following determination of tactile threshold, animals underwent testing in a functional observation battery (FOB) based on the commonly used Primary Screen and SHIRPA Protocols [21, 22] . Briefly, this is a standard high-throughput but quantitative assessment of behaviors in a comprehensive range of functional domains, including activity and arousal, reflexes and autonomic function, sensory and motor function. The behavioral assessments included locomotor activity and exploration in the open field (grid cross and number of rears), the corneal blink response, toe and tail pinch, Preyer reflex, pelvic and tail elevation, number of blinks in 1 min, number of bouts of facial grooming in the total test period (10 min), and orientation response to whisker stimulation and whisker mobility. Mice were transferred from the home cage to a clean rat cage, where observations began with transfer arousal (latency to move one full body length after transfer). Immediately thereafter, number of grid crosses and rears were counted for 1 min. For the other measures, ordinal scores were recorded, such that 0 was considered normal by a trained observer and negative numbers indicated hypo-reactivity and positive numbers indicated hyper-reactivity and ranged from -3 to +3. In the case of animals injected with CBX, we also performed a full open field analysis (6 min total test) analyzed with Viewer automated tracking software (Biobserve, Bonn, Germany).
Analysis and Statistics
For behavioral studies, mice were tested in a mixed effects design that offers several advantages regarding the power of the statistics and interpretation. Where indicated, comparisons are made to controls subjects (saline injected) and to the subject's own baseline (pre-CFA) injections. In this way we could test the subjects longitudinally so that we could assess the chronic nature of the responses in CFA treated mice compared to their own baseline in addition to comparing this group to controls, and thus assess the influence both between and within subject factors. Tactile threshold data of CFA-injected subjects were compared to either their own baseline or to controls using a mixed linear design with both random (within subjects) and fixed (between subjects) factors (JMP, SAS Cary, NC). This design was chosen instead of the more commonly used repeated measures to account for the loss of some subjects at several time points (e.g. for histology). This design was also used to analyze the number of responses to each stimulus intensity over time in order to properly account for the 2 repeated measure (time and stimulus intensity).
Comparisons were also made longitudinally between saline treated controls and CFA injected mice using a repeated measures analysis in a separate cohort of mice.
In some cases, mice were injected with CBX. These data were also analyzed compared to either baseline (pre-CBX) at all time points. To ensure that CBX had no effect on tactile threshold of saline injected subject, CBX injections were compared in both CFA treated mice and saline treated controls at one time point.
RESULTS
Time Course of Inflammation in the Submandibular Skin Following CFA Injection
Inflammation can induce persistent neuronal activity in sensory ganglia, which is one putative basis of tactile hypersensitivity and pain. In our model of orofacial pain, inflammation was induced by the injection of complete Freund's adjuvant (CFA) into the submandibular skin of Balb/c and C57BL/6 mice and total white blood cells were quantified over a 5-week time course (Fig. 1A-F) . 1 week post injection all CFA-injected mice showed marked inflammatory cell infiltration in the submandibular skin (saline vs. CFA, p<0.005), which was mainly comprised by polymorphic neutrophils and macrophages. At later time points (2-3 wks) inflammation was significantly reduced (CFA 1 week vs. CFA 3 weeks, p<0.05), though it was still elevated compared to controls (saline vs. CFA, p<0.005) with lymphocytes present but fewer neutrophils and macrophages. Inflammation subsided completely by 4-5 weeks (Fig. 1A and B) . It is noteworthy that significantly more inflammatory cells infiltrated the submandibular skin of Balb/c than of C57BL/6 mice 1 week after CFA injection (p<0.001). There were significant, but minimal, inflammatory changes in response to saline injection. These data show that CFA injection caused a localized and transitory inflammation in the submandibular region in both mouse strains.
Effects of Strain and Sex on Baseline Tactile Sensitivity
Behavioral differences in sensitivity to tactile stimulation in the submandibular skin and in the hind paw of Balb/c and C57BL/6 mice of either sex were assessed using von Frey filaments. We analyzed the number of responses across all stimulus intensities in the submandibular skin ( Fig. 2A-C) and in the hind paw (as a control, Fig. 3A-C) , and based on these data we established baseline (Pre) values of the tactile threshold, defined as the stimulus level resulting in 8/10 withdrawal responses (Fig. 2D-F for submandibular skin, Fig. 3D-F for hind paw).
Although it appeared that C57BL/6 mice had a higher tactile sensitivity (lower threshold) than Balb/c mice, the main effect of strain did not reach significance in the number of responses across stimulus intensities or in baseline tactile threshold in the submandibular skin ( Fig. 2B and E; p<0.06 in each analysis; n=8 per group). However, in the paw, C57BL/6 mice exhibited a higher baseline tactile sensitivity than Balb/c mice ( Fig. 3E: significant effect of strain p<0.005 on threshold and Fig. 3B , significant effect of strain on number of responses across stimulus intensities p<0.03).
Female mice of both strains showed significantly lower number of responses across stimulus intensities ( Fig. 2C; p<0.04) in the submandibular skin; however, there was no difference in tactile threshold between sexes (Fig. 2F, no  significant effect of sex) . Moreover, no significant effects of sex were obtained in the paw on either measure (Fig. 3C and   F) . Thus, tactile sensitivity in the submandibular skin was not substantially influenced by strain, nor did sex prove to have a major influence.
Time Course of Tactile Hypersensitivity Following CFAInduced Transitory Inflammation
Following a single injection of CFA or saline under the submandibular skin, the tactile sensitivity of Balb/c and C57BL/6 mice of both sexes was tested every 1-2 weeks for 7 weeks (Fig. 4) . One week post injection, tactile threshold in the submandibular skin of CFA injected mice was significantly lower compared both to baseline thresholds (before CFA injection, Pre) and to saline-injected controls (Fig. 4A) demonstrating CFA-induced tactile hypersensitivity. This tactile hypersensitivity persisted for the entire testing period, illustrated as a significant decrease of the tactile threshold in CFA-treated mice persisting up to 5 weeks compared to saline-injected controls (p<0.001) and up to 7 weeks compared to baseline (Pre) thresholds (p<0.007). However, the CFA injection into the submandibular skin had no effect on tactile sensitivity in the hind paw at any time point (Fig. 4B) , indicating that pain behavior Fig. (1) . The time course of inflammation assessed as density of white blood cells in H&E-stained sections before (Pre) and for 5 weeks (wk) after CFA injection (A). In Balb/c mice, inflammation peaked at 1 week after CFA injection, was significantly reduced 2-3 weeks after CFA injection, and was completely resolved 4-5 weeks after CFA injection when compared to either Pre injection values or compared to saline (Sal) injected controls at the same time points. (B) In C57BL/6 mice inflammation also peaked at 1 week, but was significantly resolved by 3 weeks. * indicates significant differences from Pre. ^ indicates significant differences from CFA 1 week.
+ indicates significant differences from saline at a given time point. Panels C-F illustrate representative staining from non-injected Balb/c mice (C), staining 1 week post-Sal injection (D), 1 week post-CFA injection (E) and 4 weeks post-CFA injection in Balb/c mice (F). Insert in E shows polymorphonuclear neutrophils (*), macrophages (arrowheads) and lymphocytes (arrow) infiltrating the submandibular skin. Scale bar=100 m Fig. (2) . Influence of strain and sex on baseline tactile sensitivity in the submandibular skin assessed with von Frey filaments: n=8 in each condition for this and the following graph. Number (#) of withdrawal responses out of 10 stimulations across all stimulus intensities in Balb/c and C57BL/6 mice are shown in panels A-C. Strain did not influence the number of responses in the submandibular skin (B), but sex affected this measure significantly (C: p<0.04). Tactile thresholds for submandibular skin in Balb/c and C57BL/6 mice of both sexes are shown in panels D-F as the stimulus intensity resulting in 8/10 withdrawal responses. There were no significant effects of strain (E) or sex (F) on baseline tactile threshold in the submandibular skin. There were no interactions between sex and strain. Fig. (3) . Influence of strain and sex on baseline (before CFA or saline injection) tactile sensitivity in the hind paw assessed with von Frey filaments. Number (#) of withdrawal responses is shown in panels A-C. Strain (B) significantly influenced the number of responses evoked in the paw (p<0.005), but there was no significant effect of sex (C). Tactile threshold for paw is shown in panels D-F. There was also a significant effect of strain on the paw tactile threshold (E, p<0.03), but no main effect of sex (F). There were no interactions between sex and strain. Fig. (4) . Tactile thresholds in the submandibular skin (A) and paw (B) after CFA or saline injection into the submandibular skin over 7 weeks. Data from both strains are combined. CFA reduced tactile thresholds in the submandibular skin for up to 7 weeks, but had no effect on paw tactile thresholds at any time point. * indicates significant differences between Pre and post CFA injections (p<0.007). + indicates significant differences between CFA-and saline-injected mice (p<0.001). Samples sizes were: n=16-28 for saline (1-5 weeks); n=68 for CFA (Pre and 1 week) and n=20-44 for CFA (2-7 weeks).
was restricted to the injection site. This marked and consistent CFA-induced hypersensitivity of the submandibular skin was evident during acute inflammation and persisted long after inflammation resolved (Fig. 1) .
It should be noted that despite the individual variability and potential strain and sex effects in the baseline tactile threshold, no effects of strain or sex on the tactile threshold of the submandibular skin were evident after CFA injection (see Supplemental Fig. 1A and B) .
Despite the significant differences in submandibular skin inflammation and tactile sensitivity between CFA-and saline-injected animals, all animals appeared to be of normal general health and demonstrated no other behavioral changes as assessed in the open field test and by a functional observation battery (see Table 1 for representative data). This included similar activity and arousal levels, similar corneal and startle reflexes and similar responses to toe and tail pinch. Furthermore, responses to whisker stimulation were of similar magnitude and character and the animals did not display site-specific grooming.
Reliability of Tactile Sensitivity Assessment and CFA Effects
We performed three separate experiments, in which three different testers (A-C) evaluated tactile thresholds of the submandibular skin before (Pre) and 1 week after CFA injection in different cohorts of Balb/c (Fig. 5 , Experiment A&B) or C57BL/6 mice (Fig. 5, Experiment B&C) . All cohorts reliably demonstrated tactile hypersensitivity of the submandibular skin after CFA administration. Data from different experimenters in the same strain of mice were also reliable.
The Gap Junction Blocker Carbenoxolone (CBX) Reverses Tactile Hypersensitivity in CFA-Injected Mice
CBX significantly inhibited the CFA-induced tactile hypersensitivity in the submandibular skin ( Fig. 6A and B,  p<0 .01 for CFA/CBX-vs. CFA/CBX+). A single i.p. injection of CBX or saline was administered at different time points to determine if the effectiveness of CBX was a function of inflammation status. The effect of CBX was evident when tested 1 week after CFA administration, at the peak of inflammation (Fig. 6A) . CBX was also effective at 3, 4 or 5 weeks after initial CFA administration (Fig. 6A) , when the inflammation was either substantially or totally resolved (Fig. 1) , indicating that the analgesic action of CBX was independent of the extent of inflammation. A full factorial design was also performed comparing i.p. CBX (CBX+) and control (saline, CBX-) injections in CFAtreated or control (saline) subjects (Fig. 6B) . Note that systemic injection of CBX had no effect on tactile threshold of the submandibular skin in control mice (Sal/CBX+, Fig.  6B ). In addition, tactile thresholds in the paw were not affected by CBX when examined 4 weeks (Fig. 6C) or 5 weeks after CFA injection (Fig. 6D) .
Thus, although CBX restored normal tactile thresholds after CFA administration in the submandibular skin it did not alter the tactile threshold of control mice or tactile threshold in the paw. Locomotor activity was also not affected by the systemic injection of CBX and thus was not likely to confound assessment of the withdrawal response. Furthermore, CBX did not influence behavior assessed in the open field test (Fig. 7) , in which we investigated activity (Fig. 7A), exploration (Fig. 7B) and thigmotaxis (Fig. 7C) immediately after the evaluation of tactile sensitivity. Despite the normal behavior of all mice on the day of CBX injections and the 2 following days, 40-50% of 100 mg/kg CBX injected animals died within 3-5 days, whereas no mortality was seen in control animals.
The administration of lower doses of CBX (10-50 mg/kg) was as effective in reducing tactile hypersensitivity as the high CBX dose (100 mg/kg), but did not result in animal mortality (Fig. 8) .
DISCUSSION
We here demonstrate that injection of CFA into the submandibular skin of mice results in tactile hypersensitivity that persists long after the resolution of inflammation. Furthermore, the gap junction blocker carbenoxolone (CBX) reversed the CFA-induced hypersensitivity. Other behaviors (paw threshold, voluntary activity, etc.) were unaffected by CFA treatment or by CBX, indicating the specific and localized characteristic of the pain, despite its chronic nature, and the focal nature of the effects of CBX on pain. Furthermore, there was no discernible tissue damage as assessed by H&E staining. Lastly, this peripheral locus is readily accessible to translational behavioral measures (unlike in joint models) and projects to a well-characterized ganglion and anatomical region. These characteristics allow an examination of the specific pain locus with regard to molecular and physiological changes and affords the opportunity to distinguish between peripheral and central pain mechanisms in prospective studies, as it is easy to excise the ganglion.
In our model, inflammatory processes may initiate a cascade of events very soon after CFA injection, evoking hypersensitivity that persisted after cessation of inflammation, therefore representing a model of postinflammatory pain. Other studies investigating postinflammatory pain exist [23, 24] , but only few have examined orofacial pain [25, 26] or conducted a systematic and comprehensive analysis of behaviors analogous to those used for testing in humans. The ability to distinguish between the mechanisms that initiate and maintain chronic pain is one of the many advantages of this model. Further advantages include reliability, a robust and truly chronic behavioral response and behavioral measures that are highly translational [1] [2] [3] [4] . Longitudinal measures and sensitive within subject analyses can be performed, increasing the statistical power. The general behavior of the mice is unaffected, and thus, though the behavioral manifestation of pain (greatly reduced tactile threshold) is robust and reliable, this response is specific and only evident upon stimulation.
Although it is clear that inflammation can engender chronic pain, several lines of evidence indicate that a continued inflammatory response is not required to maintain chronic pain [6, 24] . First, the time course of inflammation and the time course of the tactile hypersensitivity induced by CFA administration diverge significantly. Second, the extent of tactile hypersensitivity is independent of the extent of inflammation. Finally, CBX is equivalently efficacious regardless the inflammatory state. The inflammatory response induced by CFA peaked after 1 week, resolved after 3 weeks and was completely abolished after 4 weeks as determined with H&E staining, which marks all inflammatory cells, including those that infiltrate the tissue at later stages [27] . In contrast, the tactile hypersensitivity remained stable for a 7-week duration. The extent of inflammation, which was lower in C57BL/6 than in Balb/c mice, also did not alter the CFA-induced tactile hypersensitivity in either strain. Strain differences in inflammatory cell infiltration have been previously reported [28] . Lastly, the gap junction blocker CBX was equally effective at reversing the CFA-induced tactile hypersensitivity when administered at the peak of inflammation, after significant resolution of inflammation or after complete absence of inflammation. Taken together, these data indicate that inflammation initiates rapid changes after injury or insult, such as altered gap junction expression and intercellular coupling [29, 30] , which are maintained long after inflammatory processes have ceased. The significantly lower tactile threshold evident in CFA-treated mice (CFA/CBX-) compared to controls (Sal/CBX-and Sal/CBX+) was restored to control levels after CBX injection (CFA/CBX+; p<0.01 for all comparisons). * indicates significant differences between CFA/CBX-and CFA/CBX+. + indicates significant differences between Sal/CBXand CFA/CBX-. ^ indicates significant differences between CFA/CBX-and Sal/CBX+. Note that CBX did not alter the threshold in control mice (Sal/CBX+ and Sal/CBX-). The paw threshold was not altered by CBX in saline or CFA treated mice 4 weeks (C) or 5 weeks (D) after CFA administration.
The robust effects of CBX are consistent with a role for gap junction-mediated coupling in any of several mechanisms thought to underlie chronic pain, including neuronal hyperactivity, calcium waves and increase in coupling of satellite glia cells [5, 14, [31] [32] [33] . Previous reports support this hypothesis, as injury and/or inflammation result in increased gap junction expression [16, 34, 35] and in gap junction-mediated coupling in sensory ganglia that innervate the site of injury [33, 36, 37] that are concomitant with increased neuronal firing and tactile hypersensitivity in numerous pain models [5, 14, 31] . The development of chronic pain has been associated with increased excitability of sensory neurons [31] and changes in intercellular signaling between neurons and/or glia cells, which is partly mediated by gap junctions [16] . Furthermore, other groups have reported analgesic effects of CBX [19, 20, 38] in rodent models of acute and chronic pain. Finally, preventing injuryinduced gap junction expression via RNA interference reduces pain [16] . However these studies have generally focused on relatively acute pain (1-2 weeks), whereas in the present study CBX was effective for up to 5 weeks after the initial insult.
Despite these data, it must be noted that CBX is neither selective with respect to its blockade of gap junctions formed of specific connexins [39, 40] , nor selective for gap junction inhibition, as it directly affects voltage-gated Ca 2+ channels [41] , NMDA-evoked currents [42] and Pannexin1/2 hemichannels [43] [44] [45] . It is therefore possible that CBX may exert its analgesic effect via any of these mechanisms, although these several possible loci of action are not mutually exclusive. In addition we administered CBX systemically and we therefore have no direct evidence that CBX acted selectively on the primary peripheral targets -the trigeminal ganglia. It is not clear if CBX can cross the bloodbrain barrier, as contradictory evidence has been reported [46] [47] [48] . However, there is evidence that CBX reduces neuronal excitability in isolated dorsal root ganglia from a murine inflammatory pain model [14] and thus at least does not require a central mode of action, although CNS effects are not precluded. However, in our model, CBX did not alter paw threshold, activity, exploration or anxiety-like behavior, thus it is plausible that at the dose administered the effects of CBX are restricted to reduction of mechanisms causing tactile hypersensitivity at the locus of pain induction in the trigeminal ganglion.
Surprisingly, we found a high mortality rate (about 40%) in mice 3 to 5 days after the injection of 100 mg/kg CBX, although no mortality was observed when lower doses (CBX 10-50 mg/kg) were administered. Few other studies reported higher mortality in animals 72 hours after repeated CBX injections [18, 49] . The lack of reports on long-term CBX actions might be due to the fact that in most of these studies animals were killed shortly after CBX injection. Unlike these studies, we applied only a single systemic injection of CBX, and no acute effects of CBX were apparent 24-72 hours afterwards. The half life of CBX in humans after oral intake is 13-16 hours [50] , indicating that CBX levels are highest within a few hours after injection. No CBX side effects appeared during this time in our model as assessed by tactile sensitivity in the paw and open field test. Although CBX has already been used as an FDA approved gastric ulcer treatment for many years [51] , this nevertheless does not exclude the possibility that CBX blocks gap junctions in critical organs, such as heart, liver and kidney, which might result in delayed mortality. The systemic administration of CBX in humans revealed no or very rare adverse CNS effects and no major side effects were seen [52, 53] . This may indicate differences in responses of mice and humans to CBX, or different pharmacokinetics based on the route of administration and whether there is a first pass through the liver. Despite this caution, gap junction blockers might be putative novel agents in pain treatment, as we found CBX to be effective also in lower doses without resulting in mortality. Currently, highly selective gap junction blockers are not available. However, there is a major effort to develop blockers that will be selective for specific connexins, and some progress has already taken place in this direction [54, 55] . It is thus anticipated that novel blockers will eventually be available for therapeutic use. Trigeminal ganglia are favorable targets for analgesics as, unlike most parts of the central nervous system, they are accessible to substances in the circulation [32] and to direct injection.
In summary, we presented here a new model of postinflammatory orofacial pain in mice. We demonstrated that injection of CFA administered under the submandibular skin resulted in a transient inflammatory response and persistent behavioral hypersensitivity, which, despite the cessation of inflammation 3 weeks post CFA injection, was maintained over a period of 7 weeks, suggesting neuronal and/or glial plasticity as a major component of the ongoing hypersensitivity. In recent years, it has been proposed that gap junction-mediated coupling in central as well as in peripheral sites contribute to pathologic pain. Our data also highlight the positive action of the clinically relevant molecule CBX to reduce hypersensitivity during both the acute and chronic phase of orofacial pain.
